Ames dwarf mice, which are small and deficient in growth homone (GH), prolactin (PRL), and thyroid stimulating hormone (TSH) live much longer (1-1.25 years) than their normal siblings. It was of interest to examine the response of these animals to caloric restriction (CR) because of the possibility that dwarf mice are voluntarily caloric restricted. We are testing the hypothesis that this possible natural caloric restriction will negate any benefits of an imposed CR on lifespan.
INTRODUCTION
In the last 100 years the average life span of humans has increased from 60 to 80 years (1) . The large increase in average life span is a result of a reduction in infant mortality and environmental hazards, with better nutrition and health care. The principal cause of death is no longer environmental hazards and infectious disease, now most people are dying from the problems related to the processes of aging. The maximal life span, however, has changed little (1) . To date, the only intervention which is well documented to reliably extend maximal life span in mammals is a reduction in food intake.
However, intervention is not always necessary. It was observed in our laboratory that Ames dwarf mice stayed in much better general physical condition until late in life compared to their normal siblings. Ames dwarf mice have a primary pituitary deficiency characterized by the absence or near absence of somatotrophs, lactotrophs, and thyrotrophs, the cells producing GH, PRL, and TSH. The defect stems from a deficiency of pit-1 gene expression in the adenohypophysis during fetal development (2) . At birth, the Ames dwarf is of normal size but the adult is only 1/3 of the body weight of the normal siblings.
When lifespan of Ames dwarfs and their normal siblings was monitored, it was found that male dwarfs lived an average of 350 days longer than normals and female dwarfs over 450 days (15 months) longer (3) . This increase in life span is particularly noteworthy if one considers that dwarf mice exhibit some characteristics of reduced immune function (4) . Increased life span has been subsequently observed in other groups of Ames dwarf mice in our lab. Moreover, Snell dwarf mice, which are deficient in the same three hormones as Ames dwarfs, due to a mutation on a different chromosome, also live longer according to data from two different labs (K Flurkey and DE Harrison; RA Miller; personal communication).
Sixty years ago, it was discovered that a very low calorie diet extended rats' maximal life span by 33% (5). It was also reported that CR animals maintained youthful characteristics longer and had fewer late-life diseases than AL-fed counterparts, a situation similar to that in the Ames dwarf. Life extension capabilities of CR have been shown in several species from single-celled protozoans to fish, spiders and rodents (1, 5, 6, 7,) .
Research on primates is ongoing and indicates several benefical effects of CR that resemble findings in CR rodents and as such can be viewed as predictive of delayed aging, namely lowered body temp, reduced energy expenditure (8) , and improved glucose regulation (9, 10) .
Considering Ames dwarfs longer life and reduced body size, blood glucose, and body temperature, it seemed plausible that these animals were voluntarily CR, i.e. they were eating less naturally. Thus the extended life span of this mutant may be due to the benefits of CR. We hypothesized that self-imposed natural CR would negate or drastically reduce any of the benefits of an imposed CR on lifespan. To test this hypothesis, we are studying the effects of CR in Ames dwarf mice.
Methods and results
Ames dwarf (df/df) mice are produced in a random bred, closed colony with heterogeneous genetic background which has been maintained for over 20 years. Dwarf mice are derived from matings of phenotypically normal carriers of the recessive mutation (df/+ x df/+). Animals are maintained in a fully AALAC-accredited vivarium and fed Purina Lab Chow (Purina Mills, St. Louis, MO), as specifed by diet group, and tap water ad libitum. Tests of serum from sentinel animals housed in the same room revealed negativity for each of fifteen pathogens tested.
Male and female Ames dwarf mice and their normal siblings have been fed an AL or a 30% CR diet (70% of AL intake) beginning at 8 weeks of age for 25-29 months (n=9-17 animals per group at start of study). The animals have been monitored daily and weighed weekly.
Body weight
At 12-16 months of age, CR mice weighed significantly less than their gender-and genotype-matched AL fed counterparts (Table 1) . At 2 years of age, body weight of AL-fed normal mice was similar to their weight at one year, while AL-fed dwarf males gained a significant amount of weight (p<0.05) in the second year and appeared obese. This finding is consistent with previous unpublished observations that dwarf mice do become obese in old age. Ad lib-fed dwarf females have gained weight but they did not become obese by 2 years which may reflect a gender difference in age of obesity onset in these mice. Although CR dwarf females weighed less than their AL controls after 2 years, the difference was not significant. Dwarf females may be better suited than males to protect energy stores during the stress of caloric restriction.
Food consumption
Originally it was hypothesized that food restriction slowed the rate of aging by slowing metabolic rate per unit body mass (11) . However, it has since been demonstrated that Fischer 344 rats on a 40% restricted diet lived longer but consumed a greater number of calories per gram body weight during their lifetimes than AL fed rats (12) . The results were similar if restriction was begun in adulthood (13) . McCarter and Palmer (14) found that oxygen consumption per unit lean body mass was the same in 40% restricted rats as AL-fed over most of the life span. Thus it is apparent that a reduction in metabolic rate is not necessary for the life-prolonging benefits of CR.
In the present study, food consumption on a per gram body weight basis was evaluated after mice had adhered to their designated diet for at least 9 months and, again, after 23 months. During the first year, AL-fed dwarf females consumed significantly more food per gram body weight than AL-fed normal females. A similar tendency, although a non-significant difference, existed for the AL-fed males (Table 2 ). Although the difference in food consumption was not significant by 2 years on the study, a similar trend was evident: AL dwarf mice were eating as much, if not more, than AL normal mice. These data indicated Ames dwarf mice were not voluntarily caloric restricted and their increased life span was not the result of a reduced energy intake.
Similar to previous findings, CR mice in the present study were eating the same amount as AL mice on a per gram body weight basis despite receiving 30% less food. These data indicate that Ames dwarf mice are able to alter metabolic rate and fuel flux to maintain homeostasis despite a reduction in food availablity.
Evaluation of locomotor activity
Spontaneous locomotor activity was measured using Opto-Varimex-Mini activity monitors (Columbus Instru- Because there was no significant difference in activity due to the time of testing, data from the four 30-minute time periods were averaged.
Increased physical activity is considered to be one of the beneficial effects of CR, countering some of the effects of aging. However, increased activity is not likely an important factor in the mechanism for increased life span. McCarter et al. (15) found that neither AL nor 40% restricted Fischer 344 rats had an extended life span due to lifelong running compared to sedentary controls. Previous studies in our lab have shown that Ames dwarf mice, regardless of age, are less active than agematched normal controls (C Meliska, unpublished observations). In the present study, dwarf females, both CR and AL, were less active on both measures than normal females. There was no difference between male groups. These data would indicate that Ames dwarf mice were not living longer due to the benefits of increased physical activity.
The current data supports previous findings of increased activity in CR animals. Total activity was greater in all groups of CR mice (male dwarf and normal, female dwarf and normal) compared to their gender-and genotype-matched AL controls (p<0.0001) (Figure 1 ). Ambulatory activity tended to be greater in CR mice as well, however, the difference was significant for normal females only. Yu et al. (13) reported Fischer rats on 40% restriction maintained high levels of activity throughout life, whereas the activity of AL-fed rats progressively declined. Thirty percent restricted Long-Evans rats had higher voluntary running activity than AL-fed rats (16) . Similarly, adult rhesus monkeys on long-term CR are more active than those fed AL (17) . Thus, although increased physical activity may provide some benefits to the aging animal and a CR diet induces increased acitivity, it does not appear to be a primary factor for increased lifespan in restricted animals or Ames dwarfs.
Evaluation of inhibitory avoidance learning

Apparatus
Inhibitory avoidance training and testing were carried out in a trough-shaped alley (33.5 cm long, 12.2 cm deep, 9.3 cm wide at the top, and 2.7 cm wide at the floor). The apparatus was divided into a start compartment (9.
Procedure
The first trial was acquisition training in which the mouse was placed in the start compartment facing away from the guillotine door. When the mouse turned to face the door or 20 sec had elapsed, the door was opened and a stopwatch started. After the mouse entered the shock compartment with all four paws, the door was closed and the footshock was delivered. Shock response was recorded. The shock response was scored as described previously (18) : "0" for no response, "1" for flinch, "2" for jump (at least two paws leaving the floor), and "3" for vocalization. The mouse remained in the shock compartment for 30 sec after the shock delivery and then was returned to its home cage.
The 24-h retention test was identical to acquisition training, but without the shock. Entry latency was recorded as the time for the mouse to enter the shock compartment with all four paws. If the mouse did not enter the shock compartment within 300 sec, a maximum score of 300 sec was recorded. A second retention test was administered 7 days after training.
Sixty-seven mice from the on-going caloric restriction study were tested when they were 18-21 months old. Mice were grouped according to gender, genotype and diet; there were 7-10 animals per group. All testing began at 1000 hours. Mean shock response scores were 2.8 _+ 0.07 and 2.7 _+ 0.08 for normals and dwarfs, respectively.
Impairments of inhibitory avoidance learning are common in aged rats and mice (19, 20) and declines in retention vary with age (21). Caloric restriction has been shown to improve maze performance in aged rats (22) and mice (23) .
In the present study, retention scores were similar on the 24-h and 7-day test for any given group (Figure 2) . It was likely that memory retention would have been compromised following a longer interval between tests as reported in other groups of mice (24) . Differences in diet did not affect inhibitory avoidance learning, CR and AL mice performed equally well. When grouped according to diet, dwarfs performed better (longer step through latency) than normals on 3 out of 4 comparisons. Evidence of better retention by the dwarfs is in agreement with previous findings of improved cognitive function in other groups of Ames dwarf mice compared to agematched normals (B Kinney, unpublished observations). The better performance in dwarf mice indicates that they may experience a delayed onset of age-associated deficits in learning compared to normals.
Blood glucose and insulin
Hyperinsulinemia and/or hyperglycemia are considered to contribute to or cause many age-associated diseases. Similar to diabetes, the high levels of glucose can react nonenzymatically with proteins and nucleic acids forming products that affect function and decrease tissue elasticity (25) . Low insulin levels promote fat metabolism and better maintenance of mitochondrial function (26) . Caloric restriction has been shown to be effective in reducing plasma glucose and insulin levels and increasing insulin sensitivity in rodents (10, 27, 28) . Reductions in glucose and insulin were evident in monkeys as well, but only after 3-4 years of diet restriction (10, 29) . If not merely a result of CR, low glucose and insulin may be contributing to the mechanism for delayed aging. Similar to CR animals, AL-fed Ames dwarfs are hypoglycemic and insulin sensitive (30) . Data from AL-fed mice in the present study agree with previous findings (Table 3) . However, glucose levels in CR dwarf and normal mice were not lower than AL controls. Surprisingly, CR dwarf females had higher glucose levels than AL dwarfs. These findings in CR mice may be similar to those seen in monkeys in which there were no differences in glucose and insulin during the first two years of a restricted diet (29) . The mice in the present study had been restricted for only 3-6 months.
Results from insulin measurements were inconclusive. Both male and female CR normal mice had lower insulin levels than their AL counterparts, but these apparent differences were not statistically significant. In dwarfs, insulin levels were undetectable. Additional measurements are in progress.
Histopathological data
Histopathological changes in aging Ames dwarf and normal mice have been recorded from an on-going aging study of AL-fed mice. At the time of death (mice were sacrificed if they were near death), mouse carcasses were preserved in Bouin's solution, necropsied, and examined histologically. The incidence of tumors in animals dying from natural causes did not differ between dwarf and normal mice (Table 4) . However, dwarfs live significantly longer than normals; therefore, it was possible that the tumors developed later in dwarfs or that the tumors grew more slowly.
No data is available yet on tumor incidence in CR Ames dwarf mice. Evidence from other studies suggests that CR reduces the occurrence and/or delays the onset of tumors. In four mouse strains, the occurrence of lesions in mice killed at 12, 18, 24, and 30 months of age were lower in 40% restricted mice compared to AL-fed (31). Yu et al. (6) reported that Fischer 344 rats on 40% restriction had delayed onset of renal lesions, testicular Leydig cell tumors, bile duct hyperplasia, and cardiac lesions compared to AL-fed rats. In the same rat strain, Female  18  72  6  28  39  Dwarf  Female  13  77  15  15  62  Normal  Male  16  44  19  25  19  Dwarf  Male  11  73  36  27  36 a Some animals had tumors in two or more organs and, therefore, the sum of incidence (%) of different tumors exceeds the percentage of animals with tumors.
Shimokawa et al. (32) found that a reduction in calories was effective in reducing mortality rates due to neoplastic disease.
Survival data
Survival data was calculated after approximately 2.25 years of the study. Data from this study has confirmed previous findings that Ames dwarfs live longer than their normal littermates. Preliminary evidence indicated that normal mice on a CR diet had a greater survival rate than their AL fed counterparts. 
DISCUSSION
Many of the characteristics of the Ames dwarf mouse are consistent with those detected in other studies of delayed aging. Therefore these animals may be considered a novel mammalian model of delayed aging. There are several possible contributors to this delay of aging and longer lifespan of Ames dwarf mice. Their small size is consistent with evidence in this and other species that smaller animals live longer than larger individuals from the same species (33) . Ames dwarfs have greatly reduced levels of IGF-I (34). Caloric restricted mice have also been reported to have lower IGF-I levels than AL-fed mice (35, 36) . Considering that IGF-I levels decrease with age in ALfed mice, it is unclear if low IGF-I levels are an important determinant in a longer life span. Evidence that low levels may be beneficial derives from the conclusion that IGFs are stimulants of cell turnover, thus the lower levels may be expected to decrease cancer risk (37) . Transgenic mice overexpressing GH, with high levels of both GH and IGF-I exhibit several traits of premature aging and have reduced lifespan (reviewed by 38).
Ames dwarfs have low blood glucose and are insulin sensitive (30) . Both of these traits are also characteristic of the CR model (9, 10, 26) . Hyperglycemia and hyperinsulinemia have damaging effects on tissue and thus it is possible that the lifetime maintenance of lower insulin and glucose levels in the Ames dwarf may have protective effects.
Ames dwarf mice are hypogonadal with reduced plasma levels of LH and FSH (39) , decreased gonadotropin gene expression (40) , and decreased production of testosterone by the testes (34) . Some males can sire litters, while females are sterile due to PRL deficiency and the resulting luteal failure. Hypogonadism of Ames dwarf mice may contribute to their prolonged survival. Gonadectomy was reported to increase life span in rats (41) and cats (42) .
Ames dwarf mice have reduced thyroid hormone levels and a lower body temperature throughout a 24 hour period (43) both of which may contribute to a slower metabolism. Although low body temperature indicates a lower metabolic rate, dwarf mice consume as much or more food per gram body weight than normal animals. This is consistent with other studies of CR which reported reduced body temperature and a longer life span despite consumption of a greater number of calories per gram body weight (15, 27) . Because CR rodents can eat as much food per unit of body weight as AL animals, with a higher level of lifetime activity, it indicates that a lower metabolic rate is not essential for the life-prolonging benefits of CR and the same appears to apply to the prolonged survival of Ames dwarf mice.
Deterioration in inhibitory avoidance learning is typical in aging animals and the declines in retention vary directly with age (21) . Better performance of 18-21 month old Ames dwarfs than age-and diet-matched normals on inhibitory avoidance tasks suggests that there is a delayed age-related deterioration of cognitive function in the dwarf animals.
Although many traits of Ames dwarf mice resemble a caloric restricted state, the finding that restricted dwarf mice weigh significantly less than AL-fed dwarfs, can survive a 30% food restriction, and that they do become obese as they age indicates that they are not CR mimetics and living longer because they eat less naturally.
Survival data after 2.25 years on the study indicate that normal mice have some life extension benefit from CR. The naturally long life of Ames dwarfs prevents drawing conclusions about the effect of CR in these animals at this time point of our study.
Greatly increased life expectancy, differences from animals subjected to CR, and evidence for improved cognitive function in old Ames dwarf as compared to age-matched normal mice suggest that these animals provide a novel model of genetically controlled delayed aging in a mammal.
